Ultrathin Al 2 O 3 films were deposited by PEALD as Cu diffusion barrier on low-k (k=2.5) material. The thermal stability and electrical properties of the Cu/low k system with Al 2 O 3 layers with different thickness were studied after annealing. The AES, TEM and EDX results revealed that the ultrathin Al 2 O 3 films are thermally stable and have excellent Cu diffusion barrier performance. The electrical measurements of dielectric breakdown and TDDB tests further confirmed that the ultrathin Al 2 O 3 film is a potential Cu diffusion barrier in the Cu/low-k interconnects system.
INTRODUCTION
With the continuing decrease of the line pitch, ultrathin Cu diffusion barriers are necessary to mitigate the poor filling of electro-chemical deposition (ECD) of Cu in the trenches and vias due to the increase in trench aspect ratio. Conformal and ultrathin film deposited in the high aspect ratio trenches using traditional physical vapor deposition (PVD) techniques is becoming difficult [1] . Atomic layer deposition (ALD) is considered as a promising method to get excellent conformal films with thickness control at atomic level owing to its intrinsic self-limited growth feature [2] .Now it exists two main solutions to obtain robust ultra-thin and conformal Cu diffusion barriers in the high aspect trenches or vias. One is ALD: ALD TaN [3] , TiN [4] films have been widely studied as Cu diffusion barriers on the low-k dielectrics; the other is the selfformed barriers: CuMn [5] , CuTi [6] and CuAl [2] alloys annealed at a certain temperature can form thin Cu diffusion barriers at the interface between Cu and the dielectrics. Recently, Perng et.al have found that ultrathin self-formed AlO x layer on the porous low-k by annealing the Cu-3 at.% Al alloy films can be used as Cu diffusion barrier [1] . Majumder et. al. have found that thermal ALD deposited ultrathin Al 2 O 3 layer as diffusion barrier between Cu and the Si substrate has strong thermal stability. [7] However, the study of Al 2 O 3 film deposited by ALD on the low-k dielectric as Cu diffusion barrier was rarely reported. In this work, ultrathin Al 2 O 3 films were deposited by plasma enhanced atomic layer deposition (PEALD) on the low-k dielectric (k=2.5) and its barrier properties to Cu were studied.
EXPERIMENTS
The low k films (Novellus CORAL, k=2.5) were deposited on the 12" p-type Si wafers with a thickness of 220 nm. The wafers were cut into small pieces and then the samples were cleaned in an ultrasonic cleaner with 2-propanol solution before transferring to the load-lock chamber. After in-situ furnace annealing at 250 o C for 20 minutes in the high vacuum ALD chamber, 11 or 21 cycles (1.2 nm/cycle) Al 2 O 3 films were grown by PEALD using trimethylaluminium (TMA) and remote O 2 plasma (200W) as precursors. The growth temperature was 250 o C. After the deposition, samples were taken out and sent into a PVD chamber. Then the Ta(5 nm)/Cu(50nm) film stacks were deposited by DC sputtering. The thin Ta film was used as a glue layer to promote the adhesion between Cu and the Al 2 O 3 layers. A shadow mask was used to obtain the patterned metal-insulator-semiconductor (MIS) capacitors. Ti(40 nm)/Pt(30 nm) bi-layer was sputtered as back electrode. Furnace annealing was conducted in the N 2 atmosphere at 400 o C for 30 minutes. After annealing, Auger electron spectrometry (AES), transmission electron microscope (TEM), time-dependent dielectric breakdown (TDDB), voltage ramp dielectric breakdown (VRDB) measurements were used to characterize the thermal stability and electrical reliability of the whole system with the Al 2 O 3 barriers. The capacitance-voltage (C-V) measurements were also carried out using an HP 4192A impedance analyzer to evaluate the effective k value of the system.
RESULTS AND DISCUSSIONS

A. Effective k value
Since the Al 2 O 3 is a kind of high k dielectrics (k ~9.0), [8] its effect on the effective dielectric constant of the Cu/low k system was first studied. The C-V measurements were carried out for the Cu/Ta/low k/Si, Cu/Ta/Al 2 O 3 /low K/Si and Cu/Ta/TaN/low k/Si samples. After the metallization, all the measured effective k values (k e ) of the dielectric of the MIS structures are increased to 2.8, but the k e in the film stacks with Al 2 O 3 layers is almost equal to that without Al 2 O 3 , and is lower than that with Ta(5 nm)/TaN(5 nm) bi-layer, as shown in table 1. These results indicate that the ultrathin Al 2 O 3 films as Cu diffusion barriers don't affect much on the k value of the low-k dielectric.
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B. Thermal stability
The inter-diffusion behaviors between different layers in the film stacks were studied by using AES depth profiles. The as-deposited Cu/ Ta/Al 2 O 3 / low-k system with Al 2 O 3 thickness of 1.3nm or 2.5nm ( Fig.1(a) and Fig.1(c) and the ones annealed at 400 o C ( Fig.1(b) and Fig.1(d) ) were measured. The results show annealing didn't cause the Cu diffusion through the ultrathin barrier to the substrate, since in both the as-deposited and the annealed samples, the Cu signal drop rapidly before the Ta/Al 2 O 3 layer. These results indicate that Ta(5nm)/Al 2 O 3 (1.3 or 2.5 nm) can effectively prevent the diffusion of Cu to the low-k. The microstructure of the as-deposited and annealed samples with 1.3 nm Al 2 O 3 layer were chose to studied with XTEM, shown in Fig. 2 . The furnace annealing was done at 400 o C for 30 minutes. Part of the upper copper layer was removed during the ion milling process. For the as-deposited sample, as shown in Fig. 2(a) , the interface between Ta and low-k is not clear, but the EDX results presented in Fig. 3(a) show that there is no diffusion of Ta or Cu in the Low-k material. For the sample annealed at 400 o C for 30 minutes, there is a diffusion region with a length of 12 nm under the barrier layer. The EDX results (Fig. 3(b) ) show that there are a few Cu signals in that region, which revealed the diffusion of Cu atoms. However, the Cu signals are not obvious and just limited in the diffusion region. The EDX profiles presented in Fig. 3(b) indicate that there are no Cu or Ta signals in the outside of the diffusion region. We also compare the thermal stability between this Cu/Ta(5nm)/Al 2 O 3 (1.3 nm)/low-k/Si system with the Cu/Ru(7nm)/TaN(5nm)/low-k/Si system. The Ru/TaN bilayer was also deposited by ALD. As can be seen from Fig.  4 , the Ru/TaN barrier was seriously destroyed under annealing at 400 o C for 30 minutes and the diffusion length is as long as 50 nm. The EDX profile (Fig. 3(c) ) also revealed that Cu signals almost appear in every detect points, including the outside of the diffusion region. Therefore, the barrier performance of the ultrathin Ta/Al 2 O 3 is much better than that of the thickner Ru(7nm)/TaN(5nm) on the low-k dielectric. Figure 5 shows the cumulative failure distribution of VRDB of the MIS capacitors with different Cu diffusion barriers after annealing at 400 o C for 30 minutes in N 2 . The ramp rate of the voltage is 1 V/s. The maximum testing electrical filed can be applied in our experiments is 9.54 MV/cm because the maximum output voltage of our equipment is 210 V and the thickness of the dielectric is 220 nm. Therefore, in this experiment, the breakdown voltages (V b ) beyond the maximum voltage were considered as the maximum output voltage of the equipment. As can be seen from Fig.5 , the breakdown electric field (E b ) can be improved greatly by using the Ta/Al 2 O 3 stack as the Cu diffusion barrier. For capacitors with Al 2 O 3 films, the E b is mainly around 9 MV/cm. However, for those with 5 nm Ta layer or Ru(5 nm)/TaN(5nm) bi-layer, the E b is mainly below 3 MV/cm. Accordingly, the TDDB tests were also tested for those annealed MIS capacitors with Ta(5 nm)/Al 2 O 3 (1.3 or 2.5 nm) layers. As can be seen from figure 6, the TDDB time of the MIS capacitor with 1.3 nm Al 2 O 3 is about 2.3×10 4 s under a relatively strong EM (7.7 MV/cm). For the MIS capacitor with 2.5 nm Al 2 O 3 layer, the TDDB time even exceeds 1.7×10 5 s under an even higher EM of 8.6 MV/cm. As is well known, the presence of Cu would greatly reduce dielectric life time, [9] so the results further indicate that the Al 2 O 3 film is an excellent barrier for Cu metallization. And the thicker Al 2 O 3 film, the better TDDB performance. The same experiments were also carried out on the Cu/Ta/low-k/Si/ and Cu/Ru/TaN/low-k/Si capacitors and the breakdown voltage is far below the EM, thus their TDDB results were not shown here.
C. Electrical measurements
CONCLUSIONS
In conclusion, by using PEALD, robust ultra thin Al 2 O 3 films were deposited on the low-k dielectric as Cu diffusion barrier. The effective k value of the dielectric doesn't change by using ultrathin Al 2 
